In cardiac surgery, especially in the reconstruction of vascular structures and intracardiac defects, glutaraldehyde has usually been used as the reagent for fixing porcine or bovine pericardial tissues. But the well-known problem of calcification or cytotoxicity of glutaraldehyde motivates the search for a replacement. The aim of this study is to investigate the physical, mechanical, and biochemical characteristics of bovine pericardial tissues fixed with genipin, which is known to be a less toxic and more natural fixing reagent. Materials and Methods: Bovine pericardial tissues were fixed with different concentrations and conditions of glutaraldehyde and genipin. To determine the physical, mechanical, and biochemical differences among different concentrations and conditions, we divided the tissue into 18 groups by concentration, the addition of organic solvents, and the timing of adding the organic solvents, and compared the characteristics of each group. Results: Tensile strength, physical activity, and thermal stability tests revealed that the tissues fixed with glutaraldehyde were better with regard to mechanical strength and biochemical durability. However, the difference was not significant statistically. Conclusion: Genipin can be used as an alternative crosslinking agent for pericardial tissue, considering given its physical, mechanical, biochemical characteristics and low cytotoxicity comparable to glutaraldehyde. However, further studies are needed on the immune reaction and the long term changes in genipin-fixed tissues in the human body.
INTRODUCTION
In the field of cardiovascular surgery, there has been an effort to develop adequate prosthetic materials for cardiovascular reconstruction, such as vascular conduits, valve leaflets or patches for tissue defects. Until now, the biological materials made of bovine or porcine pericardium have been most widely used. These heterograft tissues must be biologically stable and safe in the human body, so they should be chemically modified or fixed to reduce immune or inflammatory reactions and to increase mechanical endurance and tolerance [1] . The ideal condition of heterografts for cardiovascular reconstruction is to be mechanically strong, tolerant of degeneration or calcification, easily manipulated by the − 198 − surgeon's hand, and also less cytotoxic and immunological [2] .
Although several chemicals, including formaldehyde, glutaraldehyde, and epoxy compounds, that can fix biological tissue, glutaraldehyde has usually been used. Because many studies have been performed to evaluate the function, stability, and safety of glutaraldehyde as a fixing crosslinking agent, and to observe its long term use, there is sufficient clinical knowledge and experience on glutaraldehyde. However, glutaraldehyde still exhibits the drawbacks of high cytotoxicity and calicification, and we also lack knowledge on heterotopic immune response to it in the human body. Therefore, development of a new alternative fixation agent is required [3] . For that reason, there have been attempts to use genipin, a natural crosslinking reagent, as a fixation material [4] .
Genipin is an agent extracted from gardenia fruit (Gardenia
jasminoides ELLIS). In traditional Chinese medicine, genipin
has been used as a treatment for DM or jaundice patients.
Many studies have reported on genepin's much lower level of cytotoxicity compared to glutaraldehyde [5] .
The aim of this study was to evaluate whether genipin could be used as an alternative crosslinking agent to glutaraldehyde for heterograft tissues. Thus, we compared the physical, biochemical, and histological characteristics of heterograft tissues (bovine pericardial tissues) fixed with genipin and those fixed with glutaraldehyde. As is generally known, the fixation of heterograft pericardial tissues with organic solvent causes permanent changes because it suppresses the nucleation of calcium phosphate and decreases the size and amount of collagen, which is assumed to enhance the mechanical durability of heterograft pericardial tissues [6] .
Therefore, we divided tissues into groups by concentration of genipin and the addition of organic solvent and observed changes in each tissue's characteristics to prepare clinically useful standards.
MATERIALS AND METHODS

1) Production of bovine pericardial patch
Bovine pericardium removed from cattle in an abattoir was put into cold phosphate buffered solution (PBS, 0.1 M, pH7.4), packed into a cooler and transported to the laboratory. Every bovine pericardium was sterilized in 2% betadine solution for 1 hour before being washed and stored in normal saline.
2) Fixation
To observe differences in the characteristics of a pericardial patch fixed with genipin and one with glutaraldehyde, parts of a pericardial patch were treated with glutaraldehyde only and, separately, glutaraldehyde with organic solvent added. Characteristics of and gaps in patches during suture were described with a score indicating resistance against needling the pericardial patch by a 5-0 Prolene.
The extensibility and gap was also estimated and scored by extending the pericardial patch by pulling the suture needle which had punctured the patch.
Using the sum of those scores, we compared patches fixed with genipin to those with glutaraldehyde, patches fixed with low and high concentrations of genipin, patches fixed with and without organic solvent, and patches to which organic solvent was added first to patches to which genipin was added first.
4) Tensile strength test
Using tensile strength test equipment and settings developed by our laboratory, we estimated and compared the tensile strength of pericardial patches fixed in various ways [7] .
The pericardial patches of each group were made into 5×50 mm patches and the tensile strength of 5-mm-wide patches was estimated. The average of the estimated tensile strength values was set as the representative value of the group. We used a Digital Force Gauge (DS2-50N, Imada, Japan) for estimation of the tensile strength. The load speed was 100 mm/ min and measurement unit was N/5 mm 2 , MPa (megapascals).
5) Thermal stability test
The pericardial patches fixed in various ways were cut to 
7) Statistical analysis
In the tensile strength test, the unit of tensile strength at break was MPa and the unit of tensile strain at break was 'mean value±standard deviation' (%). In the thermal stability test, the temperature at contraction of the pericardial patch was indicated by o C, and each value was also indicated as 'mean value±standard deviation'. The statistical difference among the groups was verified by one-way analysis of variance (ANOVA). The results wth a p-value＜0.05 were considered statistically significant.
RESULTS
1) Physical test
There was no significant difference in mechanical characteristics between the pericardial patches fixed with genipin and those with glutaraldehyde. Also, there was no clear relationship with the concentration of genipin. The pericardial patches with organic solvent showed a greater tendency to be durable and stiff (Table 1) .
2) Tensile strength test
From the result of the tensile strength test, it seemed that pericardial patches fixed with genipin or glutaraldehyde had more tensile strength compared to fresh bovine pericardium.
However, there was no significant difference among the groups fixed with glutaraldehyde, fixed with genipin only, and fixed with genipin and treated with organic solvent (p=0.274) ( Table 2 ).
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3) Thermal stability test
The temperature at which the pericardial patch fixed with genipin started to contract was 82. However, there was no significant difference among the groups fixed with glutaraldehyde, fixed with genipin only, and treated with organic solvent after being fixed with genipin (p=0.183) ( Table 3 ).
4) Amino acid analysis
The result of amino acid analysis showed a tendency to decrease in amount of residual amino acid when the concentration of genipin increased from 0.1% to 1.0%. Following the increase in the concentration of genipin from 0.1% to 0.6%, the amount of Glu, Asp, His, Tyr, Met, Val, Gly, Arg, Phe, Ile, Leu, and Lys showed a tendency to constantly decrease. However, there was no significant difference between the 0.6% genipin and 1.0% genipin groups. It seemed that more crosslinks were made with an increase in the concentration of genipin until the concentration of genipin reached 0.6%, but there was no significant difference under high concentrations of genipin, that is, over 0.6% (0.6%, 1.0%). Residual Ala was lowest in 0.4% and 0.6% genipin.
Ser showed many crosslinks in over 1% genipin.
In groups fixed with genipin after treatment with organic solvent, there was no remarkable difference in the quantity of residual amino acids according to the concentration of genipin. Only the group fixed with the highest concentration of genipin (1%) after treatement with organic solvent showed a decrease in the amount of residual amino acids (Fig. 1 ).
Seeing that more crosslinking was observed in the group without organic solvent, the crosslink between genipin and amino acids seemed to be hydrophilic. As reported in Fig. 1 , groups of pericardial patches fixed with 0.3∼0.4% genipin showed the least residual amount of most of the amino acids, so it seems that crosslinking is most actively performed in that range of concentration of genipin.
DISCUSSION
Glutaraldehyde is an agent for fixation to suppress the immunogenicity of heterograft tissue and enhance its durability, and is being widely used as an inducer of biochemical crosslinking in tissue [8] . So far, there have been many studies on glutaraldehyde itself, and the biochemical structure and characteristics of crosslinking induced by glutaraldehyde. Because glutaraldehyde is generally used for the fixation of heterograft tissue in the clinical field, clinical outcomes of glutaraldehyde usage are also widely known. However, the cytotoxicity and calcification of glutaraldehyde spurred the search for another fixation agent to replace it. It has been thought that the calcification of glutaraldehyde is caused by a reaction between calcium in the human body and the aldehyde group in glutaraldehyde, which together combine with pericardial tissues.
Therefore, there have been various studies on methods for the reduction of calcification, for instance, combining aldehyde groups with other agents in advance and blocking the reaction with calcium [9] . Furthermore, because of the cytotox- Genipin, which has a C11H14O5 molecular structure (Fig. 2) , is iridoid glycoside, which is one of the main ingredients in gardenia fruit (Gardenia jasminoides ELLIS). Genipin generates crosslinks spontaneously with protein, collagen, gelatin, chitosan, etc.
For a long time, genipin has been used as a treatment for cholestasis and hepatitis in traditional Chinese medicine. It has even been used as a natural dye because of its tinting properties with proteinic textiles [10] . Genipin itself has no color, but forms blue particles by spontaneous reaction with amino acids and protein. These characteristics of genipin have allowed it to be used as a natural dye for textiles and for food. Many studies have noted the remarkably low cytotoxicity and genotoxicity of genipin compared to glutaraldehyde [11, 12] . genipin and methylamine. Nucleophilic attack by primary amine occurs at the C3 carbon atom in genipin and the secondary amine is attached to the aldehyde group [17] . Then the collagen fiber is stabilized and the thermal stability is also raised through intra/intermolecular crosslinking as above. Fig. 3 shows a diagram of the reaction mechanism. As it noted in Fig. 4 , Chang et al. suggested that there was stable bond among collagen fibers through intra/intermolecular crosslink structure of tissue fixed with genipin and reaction mechanism between genipin and amino acid group [18] .
The aim of this study is to evaluate the possibility of using genipin, a material for the fixation of heterograft tissue (bovine pericardium) used in cardiac surgery, as a natural Even on the assumption that genipin has less cytotoxicity, we still need to confirm the physical, and mechanical characteristics and thermal stability are at least equivalent to glutaraldehyde to be able to use genipin for fixation. Sung et al.
compared the denaturation temperature of three groups of porcine pericardial tissue, each fixed with glutaraldehyde, genipin, or epoxy compound. They found that all three materials showed a higher denaturation temperature compared to fresh porcine pericardial tissue and all are effective crosslink agents [4] . Although patches fixed with genipin showed a slightly 
